[1] We propose a novel analytical description of the streamflow probability distribution functions (pdfs) in Alpine catchments characterized by pronounced, snow-dominated winter low flows. Knowledge about such hydrological regimes is crucial for water resources management in mountain environments and the related wide range of socio-economic, environmental and ecological services. We use a stochastic framework, generalizing that employed by Botter et al. (2007b) , to link precipitation (rain and snow) and streamflow dynamics. The effect of snow dynamics on the flow regime is specifically included by incorporating the temporary disconnection of high-elevation areas that experience freezing conditions over the entire winter season, and the delay produced on streamflow formation by the temporary accumulation (and later melting) of snow at lower elevations. The novel analytical model employs four parameters that can be directly estimated from observed discharge, precipitation and air temperatures, and one calibration parameter (the elevation threshold z Ã delimiting catchment areas with a permanent seasonal snow cover that is nonresponsive during winter owing to snow accumulation without melt). We test the developed model for 14 catchments with contrasting hydroclimatic conditions, located in the Swiss and the Italian Alps. Overall, the proposed analytic model reproduces the observed streamflow pdfs remarkably well. Exceptions exist, though, and the possible origin of deviations between observed and modeled pdfs are discussed. We suggest that our approach marks a progress toward the general statistical characterization of catchment streamflow variability.
Introduction
[2] Winter streamflow dynamics in mountainous catchments are strongly affected by the accumulation and melting of water in form of snow. In the Swiss Alps for example, above 1000 m a.s.l. more precipitation falls as snow than as rain [Gr€ unewald et al., 2010] . This results in a so-called nival or a pluvio-nival streamflow regime with a distinct low-flow period during the winter months and high-summer flows [e.g., Horton et al., 2006] . From a hydrological perspective, the effect of snow can be seen as temporally disconnecting part of the catchment from the active streamflow network [DeBeer and Pomeroy, 2010; Tobin et al., 2013] and as introducing a delay between the moment when water falls as snow and when it is released from the snowpack and contributes to streamflow at the outlet of the catchment. This paper proposes an analytical approach to describe the probability distribution function (pdf) of winter streamflows affected by snow dynamics ; the framework is based on the idea that the streamflow variability during winter results from the interplay between the stochastic variability of inputs in terms of timing and amount and the storage capacity of catchments.
[3] As such, this paper represents an extension of the work of Botter et al. [2007a Botter et al. [ , 2007b Botter et al. [ , 2008 , who proposed a similar analytical framework to describe the pdf of daily streamflow triggered by subsurface flow induced by stochastic precipitation forcings. As will become clear later in this paper, the proposed extension is aimed at incorporating (i) the temporary disconnection of high-elevation areas that experience freezing conditions over the entire winter season and (ii) the delaying effect on streamflows produced by the temporary accumulation of snow at lower elevations.
[4] To date, the vast majority of snow-hydrological studies are based on input-output models that simulate snowmelt-influenced streamflow with the help of physics-based snow models or of simplified so-called temperature-index models (see, e.g., Magnusson et al., [2011] , where the performance of the two approaches are compared for a Swiss catchment). Depending on the required output resolution, these models are either spatially distributed or lumped (for a short discussion, see, e.g., Perona et al. [2008] ; Tobin et al. [2013] ). Existing analytic studies of snow-cover dynamics generally focus on the description of snow depth or snow water equivalent [Woody et al., 2009; Woods, 2009; Perona et al., 2007] to explain e.g. the length of the accumulation period or the location of the end-of-summer snowline (elevation where snow lasts over the entire year). Similarly, Hantel and Hirtl-Wielke [2007] proposed a simple analytical model to relate the yearly snow cover duration to temperature. There are only very few analytic descriptions of snow-dominated streamflow dynamics ; Allamano et al. [2009] studied the temperature-related shift of flood-frequency curves, while Molini et al. [2011] proposed a minimalistic model of snow accumulation and melt dynamics to provide an analytic characterization of the annual peak discharge on the basis of the temperature regime.
[5] In the present paper, we focus on the analytical description of winter low flow, as a starting point for the analytic description of entire snow-dominated hydrological regimes. Low flow results from the interplay of snow accumulation and melting in catchments that remain at least partly responsive during winter. The proposed streamflow pdf has four parameters that can be estimated directly from observed precipitation, temperature and discharge time series, and one parameter currently obtained from solving an inverse-problem. Further analyses may explore suitable, measurable proxies. Based on 14 case studies from the Swiss and Italian Alps, we test the ability of the analytical model to reproduce observed winter stream flow pdfs; these case studies cover a sufficiently large range of hydrological regimes and Alpine climates to draw first conclusions on the reliability of the model and the estimated parameter values.
[6] The remainder of the paper is organized as follows: Section 2 presents the derivation of the analytic winter streamflow pdfs, followed by a description of the case studies (section 3) and a detailed comparison of the modeled and observed streamflow pdfs (section 4). The relevance of the proposed approach is discussed in detail in section 5 before summarizing the main conclusions (section 6).
Methods

Alpine Winter Flow
[7] Snowfall and melt are both strongly driven by temperature and other energy balance components (e.g., radiation) that show strong spatial (and in particular altitudinal) gradients [Jabot et al., 2012; Tobin et al., 2013] . Accordingly, freezing and melting conditions might prevail simultaneously, but at different locations, within a given catchment, implying that some locations experience snowfall and accumulation on the ground, while others contribute input to streamflow through snowmelt and rainfall.
[8] On average, considered over an entire winter period, a catchment can thus be conceptually divided into three zones : Zone I is characterized by occasional snowfall and does not build up a significant snowpack lasting more than a few days. This region is unaffected by snow dynamics during the winter. Zone II is characterized by regular snowfall events, which are however followed by (more or less sporadic) periods with enhanced snowmelt. In this zone, one or several significant snowpacks build up during the winter season but are assumed to be almost completely depleted during the same season. This can be thought of as the portion of the catchment which is actively contributing to streamflow during the winter. Zone III corresponds to the area where all precipitation falls as snow and where the snowpack lasts the entire winter. This last zone does not contribute significantly to streamflow during the winter, i.e., it corresponds to the nonresponsive area.
[9] There might also be zones where the snowpack lasts over several seasons and contributes to the buildup of permanent snow (firn) and ice. In this study, coherently with the aims of the work, such glacier-covered areas are removed from the considered catchments.
[10] In the following, we discuss how the model of Botter et al. [2007b] can be extended to describe the winter streamflow pdf of catchments that are mainly composed of zones 2 and 3, i.e., of catchments that are strongly influenced by snow accumulation but that nevertheless release some water during the winter period. Such catchments will show a pronounced winter low-flow regime without significant peaks (see, e.g., Figure 1 ).
Analytic Winter Streamflow pdf
[11] The basis of the model of Botter et al. [2007b] is a stochastic description of daily streamflow dynamics, which are assumed to result from the superposition of a sequence of subsurface water flow impulses triggered by precipitation. In particular, the sequence of streamflow-producing rainfall events is assumed to be a subset of the overall rainfall. This subset is composed of the events bringing enough water to fill the water deficit created by plant transpiration in the root zone, and drive the soil water content in this region above its retention capacity. Therefore, such pulses determine an excess of water in the root zone, which is eliminated through the subsurface hydrologic response of the catchment. If the subsurface storage of the catchment is assumed to behave like a linear reservoir, each pulse determines a sudden increase of the streamflow, which is followed by an exponential-like recession.
[12] In mathematical terms, a pulse with an excess volume V i L 3 Â Ã released at time t i from the root zone provides a contribution to the overall streamflow which is
, where k T À1 Â Ã represents both the recession rate and the inverse of the mean response time of the exponential hydrograph. Hence, the instantaneous streamflow increment determined by the above water flow impulse at the time when the pulse is produced from the root zone (i.e., for t ¼ t i ) is V i k (i.e., k times the volume of the pulse). Provided that the system is linear, the overall streamflow is just the sum of the contribution of the different effective pulses taking place.
[13] According to the above assumptions, the stochastic dynamical equation for Q at a daily timescale is:
where the first term at the right-hand side expresses the exponential decay of the flow Q in between the events, and the second term ( t L 3 =T 2 Â Ã ) formally imbeds the series of stochastic jumps induced on Q by the sequence of streamflow producing rainfall events.
[14] If the overall rainfall forcing is modeled as a marked Poisson process with frequency P and exponentially distributed precipitation depths with average [RodriguezIturbe et al., 1999; Rodriguez-Iturbe and Porporato, 2004] , and under some additional assumptions on soil moisture dynamics [Botter et al., 2007a [Botter et al., , 2007b [Botter et al., , 2008 , the term t in equation (1) can be shown to be well approximated by a Poisson process similar to that mimicking the main rainfall, but characterized by a reduced frequency . In practice, this means that the streamflow-producing events have an instantaneous duration (i.e., t is different from zero only during a set of finite times), producing a sequence of localized jumps in the streamflow Q. According to the Poissonian nature of the process, the interarrival times between these jumps are exponentially distributed with mean 1=.
[15] Given the exponential distribution of the rainfall depths, the sequence of excess volumes released from the root zone is also exponentially distributed, with mean A (A being the overall catchment area, transforming depths into volumes). Accordingly, the extent of the jumps experienced by Q are random and exponentially distributed with mean kA (k times the pulse volume, see discussion above).
[16] The resulting streamflow pdf associated to the process defined by equation (1) reads as [Botter et al., 2007b, equation (16) ]:
[17] G being the (complete) Gamma function.
[18] In the general rain-fed case, is related to precipitation and soil moisture parameters [Botter et al., 2007b, equation (6) ]. Here it can be assumed that during winter, there is no soil moisture loss through transpiration and that the soil moisture remains permanently close to its retention threshold. It follows that all precipitation events trigger subsurface flow and, accordingly, streamflow-producing precipitation events can be described as a Poisson process with the same frequency of the precipitation process, i.e., ¼ P .
[19] To this stage, the derivation did not take into account the fact that in snow-influenced environments, part of the precipitation falls as snow. The basic idea underlying the remaining steps is that the winter low-flow regime results from a smoothing of the incoming precipitation pulses through the temporary accumulation of snow in the catchment parts that remain responsive during the winter period (zone II). We assume that this effect can be modeled by introducing a delay in the catchment response time:
where [20] The residence time delay incorporates two effects : (i) the average length of periods when all water is trapped in the snowpack (i.e., when the snowpack is in freezing conditions) and (ii) the delaying effect caused by the fact that any snowmelt or rain water has to travel through the snowpack before entering the subsurface travel paths to the catchment outlet. Given that zone II is assumed to have one or several temporary snowpacks during the winter (and not a single, important seasonal snowpack as zone III), the time scale of this traveling within the snowpack can be assumed to be much shorter than the freezing time scale (which will typically be of the order of magnitude of days). Accordingly, it will be assumed that D can be estimated as a function of the freezing regime (to be further discussed in section 2.3).
[21] Given that a part A Ã of the catchment is effectively ''dormant'' or nonresponsive during the winter (only snow accumulation, no melt), the catchment area in equation (2) has to be replaced by the responsive area, A À A Ã .
[22] The final winter streamflow pdf in presence of snow reads as
where
The nonresponsive catchment parts can be assumed to be the ones where during the entire winter, on average, the snow melting is negligible with respect to the accumulation. An exact description of A Ã would require a detailed analysis of all components of the energy balance [e.g., Lehning et al., 2006] . It is well known, however, that temperature is a very good proxy for the dominant components of the energy balance [Ohmura, 2001] , which explains the success of so-called temperature-index snow melt models [e.g., Hock, 2003; Zappa et al., 2003; Schaefli et al., 2005] . Given, furthermore, that on average over an entire winter period, temperature shows a strong altitudinal gradient, we assume that we can reasonably discriminate the responsive part from the nonresponsive part of the catchment based on a threshold altitude z
Þrepresents the probability that the altitude Z is higher than the threshold altitude z Ã , which can be estimated from the hypsographic curve of a given catchment. This assumption only holds for catchments that include areas that are low enough to experience melting conditions (i.e., temperature above 0 C) during the winter season.
[24] This represents, of course, a crude simplification of the high-spatial heterogeneity of snow distribution in complex terrain [e.g., Lehning et al., 2011; Clark et al., 2011] . However, modeling of the hydrologic response in snowdominated environments based on elevation bands has been shown to yield good results for daily time steps at the catchment scale [e.g., Schaefli et al., 2005; Stahl et al., 2008] .
[25] It is noteworthy that this division of the catchment into a responsive and a nonresponsive catchment part is assumed to reflect the integrated average winter conditions in the catchment and is estimated from the hydrologic response (see following section). In other words, the responsive catchment part is inferred after confronting the model with observed hydrologic data and not a priori based only on the temperature regime as in the work of Allamano et al. [2009] on alpine flood risk.
Parameter Estimation
[26] The streamflow pdf for winter low flow has five parameters to be estimated (Table 1 ) from observed time series : the frequency of precipitation events, P , the mean precipitation , the residence time k , the increase of residence time due to snow accumulation, D and the altitudinal limit between the responsive and the nonresponsive catchment part, z Ã . This last parameter is the only calibration parameter ; once all other parameters are estimated from observed data (see hereafter), z Ã is adjusted with a systematic search (i.e., testing all possible z Ã values) such as to minimize the bias between the pdf obtained from observed streamflow (called observed pdf from here on) and the analytical pdf (equation (4)).
[27] The precipitation parameters are estimated directly from the reference precipitation series for a given catchment ; P is estimated as the average number of precipitation events (each day with precipitation is an event) occurring over the reference observation period. is estimated as the average amount of precipitation on days with precipitation [Rodriguez-Iturbe and Porporato, 2004] .
[28] The recession rate k, which defines the mean residence time in the catchment in absence of snow, is estimated with the classical Brutsaert-Nieber recession analysis [Brutsaert and Nieber, 1977] for recession events occurring during summer months (when snowmelt is assumed to have no influence) [e.g., Ceola et al., 2010; Botter et al., 2007a] . These events are identified using all summer streamflow data points lying below the 90% quantile of the summer streamflow pdf as threshold. Such a threshold-based selection approach ensures a simple automatic selection of recession events for all catchments.
[29] The key parameter D is estimated based on the length of periods showing freezing conditions when incoming precipitation falls as snow and accumulates on the ground and no snowmelt occurs. The definition of such conditions is complex given that the precipitation phase will depend on the atmospheric conditions where precipitation is formed as well as on the near-ground conditions [Bourgouin, 2000; Tobin et al., 2012] and that snowmelt depends on the local energy balance. As mentioned previously, temperature is a good proxy for dominant melt drivers and it can be assumed that melt occurs if air temperature rises above 0 C. For the precipitation phase, it is generally observed that snowfall can also occur at temperatures above 0 C [Rohrer et al., 1994] , in a transition interval of a few degrees, depending namely on the relative humidity. For the purpose of the model, the assumption of a 0 C threshold for precipitation phase and melt has been chosen. Different choices have a weak impact on the results.
[30] Accordingly, D is estimated as the mean duration of periods with temperature below 0 C. D can be estimated directly from observed temperature series by computing the average length of freezing periods. Table 1 summarizes all model parameters, their estimation method as well as their effect on the streamflow pdf shape.
Summary of Assumptions
[31] The applicability of the main assumptions introduced in this study is briefly discussed hereafter. For an indepth discussion of the assumptions underlying the analytic framework, the reader is referred to Botter et al. [2008] for a general summary, to Rodriguez-Iturbe et al. [1984, 1999] and Rodriguez-Iturbe and Porporato [2004] for the Poisson assumption for rainfall, to Rodriguez-Iturbe et al. [1999] ; Settin et al. [2007] ; and Laio et al. [2001] for a discussion of soil moisture dynamics and to Botter [2010] for the behavior of recessions.
[32] We would like to emphasize again here that the key advantage of the Poisson assumption for precipitation relies in the simplicity of the scheme, the ease of application, and the direct measurability of the parameters (frequency of arrival, mean intensity) from appropriate databases. We checked that the assumption of exponentially distributed precipitation depths holds for summer as well as for winter precipitation for all case studies (see an example in Figure 4 ). 
[33] Next, the analytic pdf assumes that all incoming precipitation transits through the subsurface, i.e., everything infiltrates. In the presence of snow and of progressive melting of the snow cover, this assumption will generally hold, except in two situations: (i) If the soil experiences significant freezing prior to the development of a snowpack, its infiltration capacity might be considerably reduced. Bayard et al. [2005] found for their study sites in the Swiss Alps that 25%-35% of snowmelt water ran off laterally during a winter with a very shallow snow pack.
(ii) Significant lateral runoff on the snow/soil interface can also occur in the case of exceptionally strong melting events triggered for example by rain-on-snow [Marks et al., 1998 ]. Both types of situation would lead to visible streamflow peaks during the winter low-flow period, but they are assumed to be exceptional for hydrological regimes with a pronounced winter low flow and will not influence the general shape of the winter streamflow pdf.
[34] With this respect, it is important to distinguish the term ''responsive catchment part'' from what is sometimes called the ''rain-snow transition zone'' [Marks et al., 1998 ]; this last term typically applies to low-elevation areas where snowpacks are very shallow and where the entire snowpack melts regularly during single rainfall events. Such areas will show regular streamflow peaks during the winter (e.g., Marks et al. [1998] locates this zone around 300-1000 m asl. for the Pacific Northwest). The proposed approach, however, applies to catchments that are located at sufficiently high altitudes such as to show no significant streamflow peaks during the winter (see an example from the Swiss Alps in Figure 1 ), but that have a pronounced winter low flow. In the Alps, the occurrence of such a nival regime can be assumed to occur for catchments with mean elevation above around 1500 m asl. [Viviroli and Weingartner, 2004] .
[35] In other regions, other climatic factors might come into play but there will still be zones showing this typical nival regime [e.g., Hannah et al., 2005, for the Himalaya] . However, the model will only apply if this nival regime results from the interplay of responsive areas and of catchment areas that accumulate all incoming precipitation during the entire winter period. This might typically not be the case in the Himalaya where the accumulation and the melt period coincide [e.g., Kaser et al., 2010] .
Case Studies
[36] Two sets of case studies are used to illustrate the ability of the analytical pdf to reproduce observed winter stream pdfs: (i) a set of subcatchments of the Italian Piave river (Veneto region) and ii) a collection of catchments of the Swiss Alps. These two sets of catchments cover different Alpine climates as well as a range of different catchment sizes; this allows to thoroughly test the model's ability to reproduce observed winter streamflow pdfs and gives first insights into possible regional relationships of the model parameters.
Italian Catchments
[37] The Piave river basin is one of the most important Alpine catchments of North-Eastern Italy with a size of around 4200 km 2 and a main reach length of 220 km. The highest point of the catchment is Monte Peralba (2694 m asl.). It has a continental-temperate, rather humid climate, which is typical for the Southern Alps. The rainfall regime is of the so-called subcoastal-alpine type with annual rainfall of between 1400 and 1700 mm depending on the location; it presents two peaks of precipitation during spring and fall. Winter (December-February) is the driest season of the year; the driest month is July. The coldest temperatures are observed in February, with frequent snowfall during the winter in the higher parts of the catchments. Further details on the catchment morphology and hydrology can be found in Botter et al. [2010] .
[38] The hydrological regime of the Piave river basin is strongly influenced by numerous water works. This study considers seven undisturbed headwater catchments in the mountain part of the basin (see Figure 2 and Table 2 ). Their sizes range from around 10 to 350 km 2 ; some of them are nested (Figure 2) . None of these catchments has significant glaciers. The available meteorological stations for precipitation and temperature data, all located within the Piave river catchment are listed in Tables 2 and 4 (only stations with more than 10 years of observation). For the cases where several precipitation stations are available for a catchment, the precipitation parameters are estimated as the mean of the parameters obtained for each series. As preliminary analyses showed, no significant model performance improvement could be obtained with an areaweighted approach for precipitation interpolation. For temperature, all available series for a given catchment are averaged before parameter estimation.
Swiss Catchments
[39] We selected seven undisturbed headwater catchments for which there are good discharge observations and that are representative of all hydro-climatic regions of Switzerland, north and south of the main ridge of the Alps (Figure 3) . The selected catchments have mean elevations of between 1500 and 3000 m a.s.l. (Table 3) . Their hydrological regimes differ strongly, depending on the altitude and on whether they are north or south of the Alps (see Horton et al. [2006] , for an illustration of the regimes), with namely much higher annual rainfall south of the Alps. As for the Italian case studies, simple averaging is used to obtain the reference meteorological series for catchments with several stations (see Table 4 ).
[40] All catchments are all strongly snow-influenced and have a pronounced winter low-flow period from December to February. Their non glacier-covered catchment areas range from 14 to 65 km 
Results
Estimated Parameters
[41] All parameter values (see Table 5 ) are estimated according to the methods outlined in section 2.3 for the observation periods indicated in Tables 2 and 3 . The winter period for the estimation of p ; P ; D , and z Ã is defined for all catchments as December-February since these are the coldest months in this climate. The implications of the choice of this period are further discussed in section 5. The summer period for the estimation of k is defined as June-August, which is assumed to be a period that is mostly snow-free and hence the streamflow recession not influenced by snowmelt.
[42] The precipitation parameters and P are estimated from the reference precipitation series (either form a single station or averaged from several stations, see section 3).
[43] The reference precipitation series do not necessarily reflect the catchment average conditions. The frequency P shows low variability among stations in a given hydro-climatic region. For the 64 automatic Swiss weather stations recording since 1982 (the so-called ANETZ stations, Suter et al. [2006] ), the average frequency of rainfall events varies between 0.28 and 0.49 d À1 with a standard deviation of 0.05 d À1 . The annual precipitation amount, however, may show strongly variable gradients [Sevruk, 1997] . Tobin et al. [2011] report for the Viege catchment, a neighboring catchment of the Massa catchment (both are part of the Swiss Rhone catchment), mean annual precipitation of around 600 mm at the valley bottom (500 m asl.), 800 mm at 1600 m asl. and more than 2800 mm at altitudes exceeding 4000 m asl.
[44] Given that the model has a calibration parameter, z Ã , which directly influences the mean of the pdf, any deviation between the reference and the area-average precipitation amount might be compensated. This compensation effect probably explains the strong inverse relation between and A À A Ã for the Swiss catchments ( Figure 5 ). For the Italian catchments, such a relation between and A À A Ã is not apparent ; for these case studies, the available meteorological stations are located within (or very close to) the catchments and can be assumed to be much more representative of the actual area-average precipitation.
[45] Similar to precipitation, the temperature series might also not reflect average conditions in the, a priori unknown, responsive part of the catchment. Given that temperature stations located at different altitudes generally show a clear, albeit time-varying temperature gradient [e.g., Tobin et al., 2011] , it could be tempting to interpolate, a posteriori, the reference series to the mean altitude of the responsive area (implying an iterative re-estimation of D and z Ã ). This would require an in-depth analysis of distributed temperature and would restrict the applicability of the methods to areas with a sufficiently dense meteorological network. To keep the model as simple as possible, D is estimated directly from the reference temperature series for the winter period (obtained from one or several stations, see section 3).
[46] The plot of D estimated from observed time series against the mean winter temperature for all analyzed case studies ( Figure 6) shows an approximately exponential relationship between mean winter temperature and D , i.e., that mean winter temperature is a good predictor of D for the analyzed region. This plot furthermore suggests that for the majority of case studies of this paper (with mean winter temperature between À2.5 C and À5 C), the value of D would vary by a few days if the reference temperature time series came from a slightly higher or lower location (with slighter warmer or colder temperatures).
[47] Overall, the estimated values of D for the selected case studies vary from 10 to 38 days, compared to a range of 5-12 days for k (Table 5) , which contributes between 11% and 50% of the total winter residence time, with an average of 34%. Given the relatively small sample size (14 catchments), no spatial pattern of k or k / D can be detected.
Model Performance
[48] The performance of the model for the selected catchments is assessed qualitatively and quantitatively. The qualitative assessment is based on visual inspection and judges whether the model captures the mode of the observed pdf (its value and its location) and whether it captures its general shape. The quantitative evaluation assesses the closeness to the volume of the observed pdf in terms of the relative bias between the two and the KolmogorovSmirnov distance between the observed and the modeled pdf (to compare the goodness of fit between the catchments). In addition, we completed a Pearson chi-square goodness-of-fit test [e.g., Lehmann and Romano, 2005] with the null hypothesis that the observed winter discharge samples come from the identified analytical pdfs. The underlying Pearson statistics is computed based on the squared and normalized distance between the expected number of samples falling into 15 discharge bins for the model and the observed data. The test is completed assuming that the analytical distribution has two parameters to estimate (the five model parameters combine in fact into a shape and a location parameter of the pdf). The null hypothesis cannot be rejected for any of the case studies.
[49] All results are summarized in Table 6 . Overall, the proposed model and the parameters, estimated from the reference meteorological series without any further spatial interpolation, captures the observed streamflow pdfs well, suggesting the robustness of the developed approach (see 4 examples in Figures 7 and 8 and the remaining case studies in Figures S1 and S2 of the supplementary material). All the streamflow pdfs appear to be hump-shaped, with a relatively small mean and a huge peak.
[50] Given that the bias is used as an objective function for the estimation of z Ã , its value is generally very low (Table 6), except for the three Italian gauging stations for which the calibrated responsive area is 100%. For Boite at Cancia (Can) and the Piave at Ponte della Lasta (Pdl) this might at least partly be due to observational inconsistencies; in fact, for these two case studies, the observed mean winter discharge is for almost all years higher than the mean winter precipitation. Accordingly, it is probable that either the total winter precipitation input is underestimated or the winter discharge measurement overestimates the actual winter flow.
[51] The location of the mode of the modeled pdf is well captured for most catchments. This indicates that the bias is an efficient objective function for the calibration of z Ã . The almost consist underestimation of the mode is related to a rough estimate of the delayed residence time w . This could of course result from the recession parameter k , especially for highly glacierized catchments, where melt of permanent snow and ice might lead to estimates of k which are not representative for the catchment average behavior. In general, however, the delay parameter D , which, as discussed previously, is sensitive to the specific temperature dataset used for estimation, might be considered as being more uncertain. In particular, it can be assumed that the available meteorological stations underestimate the average temperature conditions in the responsive area since, with very few exceptions, the meteorological stations are located at lower elevations. The related underestimation of D might thus explain the underestimation of the observed pdf peaks. Of course, D is also sensitive to the assumption that air Figure 5 . Relation between the mean daily precipitation and the relative size of the responsive area for the Swiss and the Italian catchments (the case studies Can and Pdl fall onto the same point, see Table 5 ). temperature can be used as a proxy to assess average freezing conditions within the snowpack.
[52] The calibrated z Ã values range from 1000 to 2500 m asl. Given that this is the only calibration parameter, one might be interested in its physical relevance. A first important test is an analysis of the relationship between z Ã and air temperature, which is the main driver of snow accumulation. A strong inverse relationship might be expected. Figure 9 shows, however, a large spread, which can be attributed to the fact that the temperature series have not been interpolated to a representative elevation. Replacing the mean temperature with mean catchment elevation, a very good proxy for average temperature, the expected strong relationship with z Ã becomes visible (Figure 10 ). This plot, however, also shows that the method probably fails to give a reliable estimate of the responsive area for the Riale de Calneggia, which falls far away from the regression line for all other case studies. [53] Two hypotheses can be advanced : either the estimated average precipitation is far too high, leading to a very small responsive area or the observed winter streamflow is considerably underestimated. Riale di Calneggia shows much higher average precipitation on wet days than the other catchments ; this is, however, plausible in this area of the Alps, which has relatively high-annual precipitation amounts [Schwarb et al., 2001] . The hypothesis of erroneous winter discharge observations cannot be rejected, especially because this mountainous torrent has no well defined low-flow channel at the outlet.
Discussion
[54] The presented analytic streamflow pdf describes the winter hydrologic response of snow-dominated catchments based on five parameters which can easily be estimated from observed precipitation (; 0 P ; P ), temperature ( D ) and discharge ( k ) and one calibration parameter (z Ã ) which incorporates indirectly additional temperature effects on the winter flow distribution and which has been shown in this paper to have a strong relation to mean catchment altitude. In this respect, it is important to keep in mind the limitations of the proposed approach and of the direct physical interpretation of the model parameters. Some of the model parameters depend on the selected observation periods. This might a priori have an important impact on the mean observed streamflow (and thus on the calibrated z Ã ), in particular if the selected period is too short to observe the release of all the incoming precipitation from the contributing part of the catchment. For the selected case studies, the value of w varies between 15 and 63 days, which is a strong hint that the selected period (December-February) is long enough. Further analyses are necessary to refine the definition of the winter season if the model was to be applied to catchments with much higher mean elevations (implying much longer winters) or with a different climate (where there might not exist a season corresponding to the alpine winter, see e.g., the climates studied by Kaser et al. [2010] ).
[55] Observational uncertainties might affect all estimated model parameters. Questions related to the nonrepresentativity of the reference meteorological time series have been discussed earlier in this paper (section 4.1). For streamflow, observational errors [Westerberg et al., 2011] are likely to occur during winter low flow due to freezing of the measurement devices or of the river itself. Such measurement errors might influence the value of z Ã , given that it is calibrated on average winter low flow. How to properly estimate the effect of observational uncertainties on the model parameters is left for future research.
[56] A strong impact on the estimated parameter values might also be expected from the time variability of the stream network activation. The residence time parameter k is estimated for the summer period when the entire stream network is participating in the hydrological response and it is subsequently used to model winter streamflow. We might expect, therefore, that k overestimates the snowfree residence time of the (smaller) responsive catchment part during the winter. However, for the kind of steep environments that are studied in this paper, this effect is likely to be negligible.
[57] Overall, the proposed novel method condenses into one partition parameter (z Ã ) most uncertainties of the hydrologic response, which is remarkable given the complexity of high-mountainous systems.
Conclusions
[58] The analytic model for winter low flow proposed in this paper is an extension over the analytic model of Botter et al. [2007b] for catchments that experience significant snowfall but that are still responsive during winter. The model has been successfully applied to a range of catchments in the Swiss and the Italian Alps. The good model performance along with the plausible regional behavior of the calibrated model parameter suggests that knowledge about topography and the climate might be sufficient to determine winter streamflow distributions for Alpine catchments with nival regimes. The applicability of the proposed method to other climatic regions [e.g., Thayyen and Gergan, 2010; Kaser et al., 2010] remains to be tested ; it namely depends on the existence of a pronounced winter low-flow period which results from temporal precipitation storage in the snowpack without significant seasonal carryover or groundwater inflow.
[59] The interest of this approach is twofold : On one hand, the case studies suggested that there is a strong dependence of the model parameter that identifies the responsive area (z Ã ) on mean catchment elevation ; this points toward a high potential for spatial and temporal transferability of the model to estimate winter streamflow in ungauged catchments or for evolving climates. Such regionalized winter streamflow pdfs could also contribute to the calibration of rainfall-runoff models based on flowduration curves, which tends to fail for snow-influenced catchments [Westerberg et al., 2011] .
[60] On the other hand, the proposed approach infers the average responsive catchment area from observed streamflow, i.e., the analytic streamflow pdf represents a means to Figure 10 . Linear relation between the mean catchment elevation and the relative size of the responsive area for all case studies ; the least-square (L-S) regression line is fitted to all points except the outlier Riale di Calneggia.
explicitly extract information about snow dynamics from observed streamflow. Even if such information oversimplifies the very complex distribution of snow [e.g., Blöschl, 1999; Lehning et al., 2011; Egli et al., 2012] , this might nevertheless open new perspectives for the development of snow hydrological models where direct information about the snow cover is lacking and has to be modeled from precipitation observations alone (which is highly error-prone, see Gr€ unewald and ).
[61] We conclude that the proposed method contributes to bridge a gap existing in the hydrological literature in the determination of streamflow distributions (and hence discharge duration curves) for cases where seasonal snow/rain partitioning is a factor. Implications for quantitative water resources management and ecohydrological functions that rely on streamflow fluctuations [Doyle et al., 2005] are deemed notable. 
